Mitochondrial dysfunction is an important element in the pathogenesis of nonalcoholic steatohepatitis (NASH). Intramitochondrial crystals (IMCs) are a well-documented morphological abnormality seen on transmission electron microscopy in this disease. It has been suggested that IMCs consist of phospholipids, but their exact composition remain uncertain many years after their discovery. Micellar phase transitions of phospholipid bilayers is a well-known but little-studied phenomenon in living systems. Its presence in the mitochondria of NASH would offer significant insight into the disease with possible therapeutic implications. We postulated that intramitochondrial disturbances in NASH are sufficient to produce such transitions and that their detection in fresh biopsies would therefore be a dynamic process. To test this, we performed a blinded, prospective analysis of fresh liver biopsy samples immediately fixed under different conditions. Quantitative transmission electron microscopy morphometry, performed by systematically counting total mitochondria and IMCs within areas of uniform dimension, showed a stepwise decline in IMCs with cooler fixation temperature in each subject studied. Randomization testing (Monte Carlo resampling) confirmed that the detection of IMCs was strongly dependent on fixation temperature (P < 0.0001). N onalcoholic steatohepatitis (NASH) is increasingly recognized as a form of obesity-related lipotoxicity. Intramitochondrial crystals (IMCs) are characteristic of human NASH and other types of steatohepatitis, such as alcohol-related liver injury, but are absent in common animal models of NASH. 1-4 Using conventional fixation, enlarged IMC-containing mitochondria are seen in adult and pediatric NASH in 5% to 15% of hepatocytes and 5% to 15% of the mitochondria within an affected cell (Fig. 1) . 5, 6 IMCs occur as parallel strands, each approximately 10 nm in diameter with 20 nm spaces between strands or, if cut cross-sectionally, as a two-dimensional lattice. The crystals occasionally appear to have continuity with the cristae, and a close association between the cristae and the crystals has been postulated. 7 These structures can be found throughout the hepatic lobule and correlate to oxidative injury. [8] [9] [10] Paradoxically, increased expression of IMCs is seen with histological improvement in thiazolidinedione-treated NASH patients. 11,12 Similar structures are observed in plant chloroplasts, where they represent inverted lipid membranes From the
N onalcoholic steatohepatitis (NASH) is increasingly recognized as a form of obesity-related lipotoxicity. Intramitochondrial crystals (IMCs) are characteristic of human NASH and other types of steatohepatitis, such as alcohol-related liver injury, but are absent in common animal models of NASH. [1] [2] [3] [4] Using conventional fixation, enlarged IMC-containing mitochondria are seen in adult and pediatric NASH in 5% to 15% of hepatocytes and 5% to 15% of the mitochondria within an affected cell (Fig. 1) . 5, 6 IMCs occur as parallel strands, each approximately 10 nm in diameter with 20 nm spaces between strands or, if cut cross-sectionally, as a two-dimensional lattice. The crystals occasionally appear to have continuity with the cristae, and a close association between the cristae and the crystals has been postulated. 7 These structures can be found throughout the hepatic lobule and correlate to oxidative injury. [8] [9] [10] Paradoxically, increased expression of IMCs is seen with histological improvement in thiazolidinedione-treated NASH patients. 11, 12 Similar structures are observed in plant chloroplasts, where they represent inverted lipid membranes as well as in bacteria exposed to oxidative stress where the structures consist of crystalline complexes of phospholipid, DNA, and ferritin-like substances. 13, 14 In human alcohol-related liver disease, it has been suggested that the crystals are also primarily phospholipid. 15 Optical diffraction studies have further supported their origin in conformational changes of phospholipid micelles. 16 The structure of the mitochondrial cristae is a dynamically regulated process that may be influenced by temperature and changes in lipid composition as well as expression of heat shock protein, cation content, and DNA content. [17] [18] [19] [20] Based on factors that alter phase behavior of phospholipid bilayers and conditions within the mitochondria in NASH, we hypothesized that the fixation temperature of immediately prepared specimens from human NASH would influence detection of IMCs if their origin is in crystalline micellar phase transitions. Consistent with this hypothesis, our results indicate that fixation temperature strongly influences detection of these structures. These data offer the most convincing data yet available in support of their origin in micellar phase transitions. Because these structures are usually regarded as pathological in untreated NASH patients and because they are also influenced by lipid composition, our results have significant implications for therapeutic intervention.
Patients and Methods
The study subjects were patients with persistent abnormal serum aminotransferases undergoing diagnostic liver biopsy for suspected fatty liver disease based on clinical, laboratory, and imaging studies. Other liver diseases were excluded by serological and histological findings, which confirmed the diagnosis of NASH in all cases. None of the subjects was using thiazolidinediones or metformin 21 but all specimens including that with stage 4 fibrosis revealed an active steatohepatitis with ballooning and a NASH activity score of 4 or more according to Kleiner et al. 22 The clinical characteristics are summarized in Table  1 .
At the time of the liver biopsy, three different segments (2 mm each) of liver tissue were separated from the core and each was immediately fixed (one segment each) at three different temperatures (37°C, 21°C, and 4°C) for 2 hours in a solution containing 4.0% (wt/vol) paraformaldehyde and 2.0% (wt/vol) glutaraldehyde in 0.1 M phosphate (pH 7.2) buffer for morphometric TEM analysis. In all cases the fixation solutions were brought to their respective temperatures 1 to 2 hours prior to the biopsy and maintained in thermometer-monitored baths for the warm and the cold temperatures or at ambient temperature (21°C) throughout the 2-hour fixation period. The specimens were then post-fixed in 1.0% osmium tetroxide, dehydrated in ethanol, and embedded in resin for sectioning. The resulting blocks were coded for blinded evaluation. Two half-micrometer sections ("thick sections") separated by 30 micrometers were taken from each block, providing two non-overlapping levels. The thick sections were stained with toluidine blue for examination via light microscopy to confirm adequacy of the samples. Two ultrathin sections (70 -80 nm) were cut serial to the thick sections and placed, one section per grid, on 200 mesh copper grids. These were contrast-stained with lead citrate and uranyl acetate for examination via TEM. All processing of the specimens occurred in the Advanced Microscopy Facility at the University of Virginia by experienced electron microscopists (J. A. R., C. A. D., and B. J. S.).
Quantitative morphometry was performed by counting the total number of mitochondria and the total number of crystal-containing mitochondria from ϫ10,000 TEM negatives taken at the center of each of the counted grid spaces as described (Fig. 2) . 12 Quantitative examination of the TEM grids was performed by experienced electron microscopists at the Oswaldo Cruz Foundation (L. A. R. F., M. L. V. M.) who were blinded to the temperature condition. Working in a raster from the upper left corner of the TEM grid, one 10K negative was taken from the center of each of the first 12 grid holes, which were fully covered by liver tissue. Grid holes only partially covered by liver tissue were omitted. Each high-resolution image represented 70 m 2 at a magnification of ϫ10,000. The total area of liver examined at each temperature was as follows: 37°C; 13,440 m 2 (16 grids, 192 grid areas); 21°C; 12,600 m 2 (15 grids, 180 grid areas); 4°C; 13,160 m 2 (16 grids, 188 grid areas). The study was approved by the University of Virginia Internal Review Board and by the Oswaldo Cruz Foundation. Biopsy material specifically intended for research was obtained under separate informed consent at the time of the biopsy for each patient.
In order to test the statistical significance of quantitative morphometry, randomization tests based on Monte Carlo resampling routines (MCRRs) were conducted to compare, in global and pairwise fashion, the frequencies of IMCs under the three different specimen fixation temperature conditions. 23, 24 Data analyses were conducted at both the within-subject level and at the group level using the Fisher's exact test to combine independent P values so that inference could be drawn at the group level. 25 The within-subject analyses were designed to determine whether the observed frequencies of IMCs under the three different fixation temperature conditions would be expected if there was no association between the frequency of IMCs and the specimen fixation temperature. The statistical package S-plus 7.0 (Insightful Corp., Seattle, WA) was used to conduct the randomization tests. The analytical details related to the MCRRs are presented in the accompanying appendix.
Results
Light microscopic examination of the routinely processed formalin-fixed biopsy cores confirmed the presence of histological steatohepatitis in all cases defined as Ͼ5% steatosis, cellular ballooning, inflammation, and fibrosis and scored according to Kleiner et al. (Table 1 ). After unblinding of the coded TEM specimens, there was no difference in the quality of tissue preservation or the total number of counted mitochondria between conditions of fixation or between patients. However, a stepwise decline was evident in each case in the percentage of mitochondria with crystals from warm to ambient to cool temperature fixation (Table 2 and Fig. 3) . Overall, the percentage of crystal containing mitochondria was 15.4 Ϯ 13.0 versus 6.4 Ϯ 5.9 versus 2.9 Ϯ 2.8 with warm (37°C), ambient (21°C), and cold (4°C) fixation, respectively. The randomization tests showed that the distribution of the percentage of mitochondria with crystals was strongly influenced by the fixation temperature for all patients (P Ͻ 0.0001). Examining each patient individually, the percentage of mitochondria with crystals remained strongly and significantly greater with warm (37°C C) fixation. These results are shown in Table 2 and Fig. 3 .
Discussion
Alterations of mitochondrial form and function constitute a central element of the pathophysiology of fatty liver disease. [26] [27] [28] [29] [30] [31] [32] [33] [34] The mitochondria are a major source of reactive oxygen species and play a role in apoptosis signaling as a result of changes in permeability. [35] [36] [37] [38] Structural changes have consistently included longitudinal or spherical swelling and the development of IMCs. 8, 39 Based on optical diffraction studies, it has been suggested that IMCs represent crystalline phase transitions of the lamellar phospholipid bilayer. 16 This study shows that the ability to detect these structures in human NASH is strongly influenced by a single variable: fixation temperature. Thus, fixation at 37°C resulted in up to a five-fold increase in the presence of these structures, which indicates that IMCs are unstable and heat-dependent.
Because the specimens were immediately fixed under each of the temperature conditions within seconds of removal and only a single variable was applied, we believe that the structures represent phase transitions and that fixation at body temperature more accurately reflects the condition in vivo. Based on these results, it is likely that the frequency of IMCs has been greatly underestimated in past studies. On the other hand, we and others have previously shown that their detection is variable between individuals with fatty liver. Because other factors alter expression of phase transitions (discussed below), some intersubject variation is expected. The fact that we observed the same pattern, decreasing with cooler temperature, in subjects with a higher frequency of IMCs and subjects with a lower frequency adds credence to the findings. These results have therapeutic implications, especially with regard to dietary lipid composition, because phase transitions also depend on lipid composition. However, whether these changes represent adaptive or entirely pathological changes and whether they are equally present in both obese and nonobese NASH patients remains unclear. Phase transition of lipid bilayers represents the dynamic reversal of the polar head and hydrophobic fatty acid of phospholipids in relation to water and the resulting development of biocrystallization. Examples of phase transitions in living systems include reversible crystalline lattices seen in light-deprived plant chloroplasts, where their morphology is also known to be influenced by associated membrane proteins. 40 Biocrystallization of phospholipids has also been observed in prokaryotes, where it is proposed to serve as a defensive mechanism that sequesters DNA from oxidative injury. 13, 14, 41 In the amoeba, oxidative stress has been reported to induce a reversible cubic structural transition in the mitochondria. 42, 43 Different transitional phases of phospholipid bilayers are known, including lamellar, orthorhombic, and hexagonal phases. The phases can coexist in biological systems depending on a number of conditions, including temperature, fatty acid composition (saturated versus unsaturated), carbon chain length, ceramide content, lipid peroxides, heat shock protein expression, nonsequestered iron, deoxynucleic acid content, and membranebound protein content. 13, 14, [18] [19] [20] [44] [45] [46] [47] [48] [49] [50] [51] In human NASH, the mitochondria are similarly subject to conditions that influence expression of micellar bilayer phase transitions. These conditions include changes in lipid composition, changes in permeability and cation content, and the expression of uncoupling protein, which dissipates the energy of electron transport as heat. [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] Although the role of uncoupling protein in NASH is debated, changes in lipid composition together with changes in permeability may be sufficient to produce variably expressed phase transition in the mitochondrial cristae. Consistent with these findings, slight variations in the appearance of the crystals in relation to the cristae (Fig. 1 ) may represent different phospholipid transitional phases, which are known to coexist in isolated inner mitochondrial membranes depending on ambient conditions. 63 Because of immediate fixation and the application of a single variable, our findings are consistent with the origin of IMCs in human NASH from phospholipid phase transitions. These results provide an important clue to the nature of these structures and give an indication of the degree of energy disequilibrium present in the steatotic liver. They also offer a potential therapeutic target, because lipid composition is subject to dietary lipid intake and strongly influences expression of the phase transitions. However, as with many of the secondary processes that follow oxidative stress, it is not yet clear whether these structures are entirely pathological or carry some adaptive advantage. Further work is needed to elucidate their role in NASH and other conditions associated with this abnormality, including alcohol-related liver disease and Wilson disease.
Appendix: Randomization Test
Each randomization test was based on 10,000 resampling routines. At each iteration of the MCRR, the fixation temperature conditions listed in the patient's dataset were randomly shuffled to produce a new dataset, which consisted of the same set of observational units (grid areas) and the same set of IMC frequencies as the original dataset, but with the data elements in the data column denoting the specimen fixation temperature condition (37°C, 21°C, and 4°C) shuffled in random order. Based on the random shuffled specimen fixation temperature conditions, one 3 ϫ 2 cross-classification table and three 2 ϫ 2 cross-classification tables were generated at each MCRR iteration. In accordance with the shuffled temperature condition assignments (37°C, 21°C, and 4°C), the 3 ϫ 2 cross-classification table listed in separate rows of the 3 ϫ 2 table the total number of mitochondria in which IMCs were detected and the total number of mitochondria in which IMCs were not detected. Similarly, in accordance with the shuffled temperature condition assignments, in pairwise fashion (37°C versus 21°C, 37°C versus 4°C, 21°C versus 4°C) the 2 ϫ 2 cross-classification tables listed in separate rows of the 2 ϫ 2 table the total number of mitochondria in which IMCs were detected and the total number of mitochondria in which IMCs were not detected.
For each of the 10,000 3 ϫ 2 cross-classification tables, and for each of the 30,000 2 ϫ 2 contingency tables, a chi-squared statistic was computed. In the case of the 3 ϫ 2 cross-classification table, the chi-squared statistic was used as a relative measure of the degree of evidence against the global null hypothesis that the frequency of IMCs is unrelated to the specimen fixation temperature condition, and in the case of each of the 2 ϫ 2 cross-classification tables, the chi-squared statistic was used as a relative measure of the degree of evidence against the null hypothesis that the percentage of mitochondria in which IMCs are detected is the same for the two biopsy specimen fixation temperatures (37°C and 21°C).
For the global hypothesis test as well as each pairwise null hypothesis test, the cumulative null distribution of the randomization test statistic was approximated by the cumulative frequency distribution of the 10,000 chisquared statistics generated via the MCRRs. To globally test the null hypothesis that the IMC frequencies observed under the three different liver biopsy specimen temperature conditions occurred purely by chance, we calculated the total number of the 10,000 3 ϫ 2 crossclassification tables that produced a chi-square statistic with magnitude greater than or equal to the magnitude of the chi-squared statistic produced by the 3 ϫ 2 crossclassification table that contained the actual frequencies of IMCs under the three different fixation temperature conditions. Similarly, to test the null hypothesis that the IMC frequencies observed under two different liver biopsy specimen temperature conditions occurred purely by chance, we calculated the total number of the 10,000 2 ϫ 2 cross-classification tables that produced a chi-square statistic with magnitude greater than or equal to the magnitude of the chi-squared statistic produced by the 2 ϫ 2 cross-classification table that contained the actual frequencies of IMCs under the two different fixation temperatures (37°C and 21°C).
By dividing each of the aforementioned totals by 10,000, the resulting proportions approximate the exact probability of observing a more extreme cross-classification table than the cross-classification table observed when the probability calculation considers all possible cross-classification tables of the same dimension that could be generated by the observed data. The decision rule for rejecting the global null hypothesis of no association between the frequency of IMCs and the specimen fixation temperature was based on a criterion of P Յ 0.05, and contingent on the global null hypothesis test being rejected, the decision rule for rejecting the individual pairwise null hypotheses was similarly based on a criterion of P Յ 0.05. The statistical package Splus 7.0 (Insightful Corp., Seattle, WA) was used to conduct the randomization tests.
